RNA viruses classified in the alphavirus-like superfamily possess a distinct capping domain, catalyzing GTP methylation and subsequent transfer of the m 7 GMP moiety from m 7 GTP to the 5′-diphosphate end of viral RNA. The H68A mutation in the capping domain of Bamboo mosaic virus enhanced GTP methylation but disabled the following transguanylation, making it possible to characterize the enzyme's methyltransferase activity separately. To explore the involvement of aromatic amino acids in substrate recognition, consensus aromatic residues in the viral domain were subjected to mutational analysis in the background of H68A. Several residues, including Y126, F144, F161, Y192, Y203, Y213, and W222, were found to be critical for GTP methylation and S-adenosylmethionine (AdoMet) binding. These mutations, except for Y213, also adversely affected the GTP binding, but less extensively. In general, the mutations decreasing the activity for GTP methylation also had correspondingly detrimental effects on virus accumulation. © 2010 Elsevier Inc. All rights reserved.
G(5′)ppp(5′)N-, of mRNA serves as a basic recognition site for ribosome binding in translation and is important for the stability of mRNA against the attack of 5′ exonucleases in eukaryotic cells. In the nucleus, a series of enzymatic activities is responsible for the formation of the structure (Shuman, 1995) . First, the γ-phosphate at the 5′ end of nascent mRNA is removed by RNA 5′-triphosphatase. Second, the GMP moiety of the GTP molecule is transferred to the 5′-diphosphate end of the RNA via a covalent [Enzyme-GMP] intermediate by GTP:mRNA guanylyltransferase. Finally, the GpppN cap is methylated at position 7 of the terminal guanosine by S-adenosylmethionine (AdoMet):RNA (guanine-N7) methyltransferase. However, the pathway for cap formation and the enzymes involved might be different in viruses. For example, cap0 on the viral mRNA of vaccinia virus is formed by D1 (containing RNA triphosphatase and guanylyltransferase) and D12 (guanine-N7 methyltransferase) by a mechanism analogous to the nuclear functions (Martin et al., 1975; Niles et al., 1986 Niles et al., , 1989 Shuman et al., 1980) . In members of the alphavirus-like superfamily, cap0 is formed by a helicase motif-based RNA triphosphatase and an AdoMetdependent guanylyltransferase (Huang et al., 2005) . This distinctive guanylyltransferase catalyzes GTP methylation and the following transfer of m 7 GMP from the newly formed m 7 GTP to RNA via a covalent GMP] intermediate (Ahola and Ahlquist, 1999; Ahola and Kaariainen, 1995; Kong et al., 1999; Li et al., 2001; Magden et al., 2001; Merits et al., 1999) . In Vesicular stomatitis virus (VSV), a member of the Rhabdoviridae, the L-protein bonds covalently to the 5′ α-phosphate of nascent mRNA, leading to the formation of an L-pRNA intermediate and then transfers pRNA to GDP to complete the cap0 structure (Ogino and Banerjee, 2007) .
Bamboo mosaic virus (BaMV), a potexvirus belonging to the alphavirus-like superfamily, has a~6.4 kb positive-strand RNA genome with 5′ cap0 and 3′ poly(A) tail structures (Lin et al., 1994) . The N-terminal one-third of the 155-kDa viral replicase is a capping enzyme domain, exhibiting an AdoMet-dependent guanylyltransferase activity ) that can be dissected into activities of GTP methyltransferase and m 7 GTP:mRNA methylguanylyltransferase ( Fig. 1 ) (Huang et al., 2004 (Huang et al., , 2005 . The fact that either GTP/AdoMet or m 7 GTP/S-adenosylhomocysteine (AdoHcy) can support the formation of the covalent [Enzyme-m 7 GMP] intermediate provides evidence for the notion of two-step catalysis. Such a distinctive activity has also been corroborated for several distantly related members of the alphavirus-like superfamily such as Semliki forest virus (Ahola and Kaariainen, 1995) , Hepatitis E virus (Magden et al., 2001 ), Brome mosaic virus (Ahola and Ahlquist, 1999) , and Tobacco mosaic virus (Merits et al., 1999) . With other characteristics, such as the nature of the membrane association and amino acid sequences that share no similarity to either nuclear GTP:mRNA guanylyltransferases or other known AdoMet-dependent methyltransferases (Martin and McMillan, 2002; Schubert et al., 2003) , the capping domains of the alphavirus-like superfamily constitute a novel class of AdoMet- Contents lists available at ScienceDirect Virology j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / y v i r o dependent enzymes. Understanding the structure-function relationships of these enzymes is important. However, progress toward this goal has been slow primarily due to difficulties associated with protein expression and purification.
To reveal the catalytic mechanism of the alphavirus-like capping enzymes, the N-terminal domain (containing 442 amino acids) of the BaMV replicase was expressed in Saccharomyces cerevisiae, and the importance of the four sporadically conserved amino acid residues (H68, D122, R125, and Y213 in the BaMV enzyme) was assessed by site-directed mutagenesis (Huang et al., 2004 GTP/ AdoHcy as substrates. Retaining the activity for m 7 GTP formation but losing the subsequent transguanylation activity seemingly renders the H68A mutant a better target than the wild type for studying the mechanism of methyltransfer from AdoMet to the N7 of GTP. Aromatic residues are commonly employed to bind methylated guanine and AdoMet in many proteins through π-cation interactions, hydrophobic forces, and van der Waals contacts (Dougherty, 1996 (Dougherty, , 2007 Fabrega et al., 2004) . For instance, the m 7 G base is stacked between W56 and W102 in the eIF4E-m 7 GDP complex structure (Volpon et al., 2010) and between Y22 and F180 in vaccinia 2′-O methyltransferase VP39 (Hodel et al., 1996) . In addition, the adenine base of AdoMet is stacked between Y124 and I95, and the guanine base of the methyl acceptor interacts with the planar F141 in the mRNA cap methyltransferase from Encephalitozoon cuniculi (Zheng et al., 2006) . As for the BaMV capping enzyme, the conserved Y213 has been suggested to play a critical role in AdoMet binding (Huang et al., 2004) . To identify more aromatic residues participating in substrate recognition and catalysis for m 7 GTP formation, the primary structure of the BaMV capping enzyme was compared to those of evolutionarily close members in the alphavirus-like superfamily. A handful of consensus aromatic residues were identified and then subjected to mutagenesis in the H68A background. The mutational effects on the methyltransferase activity, substrate-binding affinity, and BaMV accumulation in plant cells were analyzed and discussed in the present study.
Results
Acceptor specificity for the methyltransferase activity
The capping domain of the BaMV replicase was able to form a cap0 structure at the 5′ end of the viral RNA. This task was completed through contiguous reactions of a methyltransferase and a guanylyltransferase (Fig. 1) . Previous studies indicated that GTP was the preferred acceptor for the methyl group from AdoMet among various ribo-and deoxyribonucleoside triphosphates (Huang et al., 2004 G(5′)ppp(5′)A-RNA, respectively (Huang et al., 2005) . ADP and GDP can also receive m 7 GMP from the covalent intermediate, albeit at slower rates, leading to the formation of free cap structures. The relation between the nucleotide-binding sites of the two reactions has been vague since then. The H68A mutant protein was used in this study to clarify the acceptor specificity of the methyltransfer reaction. The use of H68A was based on three considerations: (i) H68A has a much higher GTP methylation activity than the wild type so that the activity can be measured more accurately, (ii) the reaction catalyzed by H68A stopped right after the formation of m 7 GTP, and (iii) H68A and the wild type have similar pH dependence and ionic strength-activity profiles in the methyltransfer reaction (data not shown). The formation of m 7 GTP by H68A could be detected by TLC as described in Materials and methods. AdoMet, but not AdoHcy, was required for m 7 GTP formation ( Fig. 2A) . To better know the acceptor specificity of the methyltransfer reaction catalyzed by H68A, the indicated ribonucleotides were included in the standard reaction that contained [α-32 P]GTP, AdoMet, and H68A ( GDP according to the TLC analysis (Fig. 2D , lane 4). To confirm that the H68A enzyme can use GDP as a methyl group acceptor and to determine whether the activity is also performed by the wild-type enzyme, the methylation reaction was carried out using either the wild-type or H68A enzyme in the presence of Ado[methyl- GDP is not useful for forming the cap0 structure.
Aromatic residues critical for the methyltransfer reaction
In a previous study, some aromatic residues of the BaMV capping enzyme, including Y213, W312, W377, and W406, were mutated, and the results showed that the conserved Y213 is critical for the enzyme's GTP by transferring the methyl group of AdoMet to the N7 of GTP (GTP methyltransferase activity) and (2) function and that W406 is important (Huang et al., 2004) . In the present study, we intended to explore all the possible aromatic amino acids involved in the GTP methylation reaction. Although there are only four universally conserved residues among the many members of the alphavirus-like capping enzymes (Rozanov et al., 1992) , the numbers of conserved residues among evolutionarily close members are much higher. To search for potential residues for mutagenesis, we aligned the amino acid sequence of BaMV capping enzyme with that of Potato virus X (a member of Alphaflexiviridae), Turnip yellow mosaic virus (a member of Tymoviridae), and Hepatitis E virus (a member of Hepeviridae) (Fig. 4) . Besides Y213, several residues, including Y126, F144, F161, Y192, W222, and Y338, had aromatic counterparts in the enzymes that were compared. Residues at positions 203, 296, 299, and 406 were conserved for hydrophobic amino acids, while those at 312, 339, 340, and 384 were also functionally conserved among at least three of the four enzymes. These residues plus the previously investigated W377 were chosen for substitution with alanine, and in some cases, also with smaller aromatic residues in the background of the H68A mutation. The double-substitution enzymes were then expressed and purified by protocols described previously (Huang et al., 2004) . The protein expression and purification yields of these mutant proteins were similar to those of the wild type (Fig. 5) . The purity and the mutational effects on the activity of transferring the methyl group to GTP were first examined in comparison with that of the H68A mutant (referred to as pseudo wild type for comparison purposes) ( Fig. 6A and Table 2 ). Substitution of Ala for Y213 decreased the methyltransferase activity to 12%, consistent with the critical function of Y213 in the wild type demonstrated previously (Huang et al., 2004) . The Y126A, F144A, F161A, Y192A, Y203A, and W222A and 10 mM indicated nucleotides. The relative amounts of methylated nucleotides after reaction were estimated with a scintillation counter as described in Materials and methods. The activity of H68A to methylate GDP is defined as 100%. mutant enzymes also exhibited substantial reductions in activity, particularly Y126A and F144A, which retained less than 1% of the activity of the pseudo wild type. At the other extreme, Y299A, W377A, and F384A had activities comparable to, or even greater than, the pseudo wild type. The rest of the alanine substitutions had moderate effects, with residual activities in the range of 15-30%. Similar mutational effects on GDP methylation were observed (Fig. 6B) . Substitution of phenylalanine for tyrosine or tryptophan could partially rescue the activity loss caused by the alanine substitution at Y126, Y203, and W312, but not at Y192, Y213, and Y338. Accordingly, hydrophobic interactions are the major contributions of the former residues, while crucial hydrogen bonds were provided by the latter residues to facilitate the reaction.
We next examined the affinity for GTP to see whether the decreases in GTP affinity are responsible for the decreases in methyltransferase activity. The binding affinity of the enzyme to GTP was estimated by UV-induced cross-linking between the enzyme and [α-32 P]GTP in the absence or presence of AdoMet, which has been shown to be able to enhance the GTP-binding activity (Huang et al., 2004) (Fig. 7A) . In most cases, mutations decreased the amounts of GTP linked to the enzyme, except for W377A and F384A. Moreover, most mutations caused the loss of the stimulation effect of AdoMet on Fig. 4 . Alignment of partial amino acid sequences of mRNA capping enzymes of Bamboo mosaic virus (BaMV), Potato virus X (PVX), Turnip yellow mosaic virus (TYMV), and Hepatitis virus E (HEV). The target proteins for alignment were selected from the resulting list of position-specific iterated BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) by using the BaMV capping enzyme as the query. The alignment was performed by Clustal W method and slightly adjusted manually. The residue numbers of the mutated amino acids are shown above the residues. The boxed residues are conserved universally among the numerous capping enzymes of the alphavirus-like superfamily. Fig. 5 . Purification of the H68A mutant protein and its double-mutation derivatives. The indicated mutations were created in the background of H68A (indicated as pWT). The protocols for the protein expression and purification were described in Materials and methods. The purified proteins were analyzed by 10% SDS-PAGE.
GTP binding, except for Y299A, W312A, W312F, W377A, and F384A. The decrease in the methyltransferase activity was to some extent parallel to the decrease in the GTP affinity, with a couple of exceptions (Fig. 7B ). For instance, Y213A and Y126F retained as much GTP affinity as the pseudo wild type but exhibited only 12% and 25%, respectively, of the methyltransferase activity. On the other hand, W377A and F384A had~50% more methyltransferase activity than the pseudo wild type, albeit their affinities for GTP were not significantly altered. The mutational effects on UV-induced cross-linking between the enzyme and Ado[methyl-14 C]Met were also examined (Fig. 8A) . Most of the mutations decreased, by varying degrees, the affinity for AdoMet except W377A and F384A. A good correlation existed between the affinity for AdoMet and the methyltransferase activity (Fig. 8B) , implying that the mutational effect on the AdoMet-binding strength is the primary determinant for the resulting decreases in the methyltransferase activity. Significant decreases in the affinity for AdoMet observed in many mutant proteins also explain why they did not exhibit the AdoMet stimulating effect on GTP binding.
Aromatic residues critical for BaMV accumulation in vivo
To answer the question of whether the changes in GTP methylation exert corresponding influences on the viral replication, mutations with various effects were individually generated in the capping enzyme-coding region of pCBG. The mutated pCBG was transfected into N. benthamiana protoplasts or inoculated into C. quinoa, and the viral replication was examined based on accumulation of the viral coat protein in protoplasts or the expression of green fluorescent protein in leaves of C. quinoa, respectively. The W312F mutation that retained 70% of the activity for GTP methylation decreased the coat protein accumulation to 40% of the wild type, while the W406A mutation, which retained 32% of the activity of the wild type, resulted in a barely discernable coat protein accumulation (Fig. 9A) . Mutations that caused greater decreases of GTP methylation than W406A could not support viral replication in protoplasts. Surprisingly, there was no H]Met, and GTP (A) or GDP (B) as described in the Materials and methods. Each specified mutation was generated in the background of the H68A mutation, which is referred to as pseudo wild type (pWT) in the diagrams. The activity of pWT is designated as 1. coat protein produced in protoplasts when they were transfected with the clone carrying the F384A mutation. With a methyltransferase activity comparable to the wild type, the F384A mutant had been expected to be viable. This bewildering result was reproducible and was not due to an unwanted second site mutation. Replication and spread of the BaMV variants in C. quinoa were also assessed (Fig. 9B) . Inoculation with the wild-type pCBG gave rise to many infection loci, viewed as green fluorescent spots on the inoculated leaf. Sparse loci with smaller sizes were formed when the leaves were inoculated with infectious clones carrying the W312F or W406A mutations. No sign of replication was observed when the leaves were inoculated with other selected pCBG variants including F384A. Perhaps the F384A mutation had an adverse effect on the m 7 GTP: mRNA methylguanylyltransferase activity and, as a result, failed to support the viral replication inside plant cells. The ability of the F384A mutant protein to form the covalent [Enzyme-m 7 GMP] intermediate was assayed, and the result indicated an activity comparable to that of the wild type (Fig. 10A) . The activity of F384A to further transfer the m 7 GMP from the covalent intermediate to GDP was assayed. The results showed that the free cap m GpppG was formed by the F384A mutant as efficiently as by the wild type when GDP was additionally included in the guanylyltransfer solution (Fig. 10B, lanes 1 and 2) . The identity of the putative m 7 GpppG formed in the reactions was confirmed by its resistance to alkaline phosphatase but sensitivity to tobacco acid pyrophosphatase (Fig. 10C) . Collectively, F384A probably is a capable capping enzyme. The underlying mechanism for the failure of F384A in viral replication remains to be addressed.
Discussion
The capping domains of the alphavirus-like superfamily catalyze a novel cap formation pathway different from that of the nuclear capping apparatus. This catalytic pathway is achieved by an AdoMet: GTP methyltransferase activity and an m 7 GTP:mRNA methylguanylyltransferase activity (Fig. 1) . Physically dissecting the two activities, for example, protein truncations, has never been reported, and the attempt failed in our laboratory. Nonetheless, the characteristics of the H68A mutant of the BaMV capping enzyme provided a chance to uncouple the two activities so that the study could be solely focused on the characterization of the former activity. The first issue we wanted to clarify was whether the nucleotide-binding sites of the methyltransferase and guanylyltransferase are relevant. The present study found that only GTP and GDP could efficiently accept the methyl group from AdoMet (Table 1) GMP. At first glance, such a relaxation in substrate specificity seemingly renders the BaMV capping enzyme inefficient. Can the virus gain any advantage from the situation? In theory, there is no lack of GDP around the viral replicase complex, which can be attributed to the nucleoside triphosphatase activity of The importance of aromatic residues of the BaMV capping enzyme at 16 positions was investigated by site-directed mutagenesis in this study. All the mutant proteins targeted to the membrane fraction as the wild-type enzyme and could be purified by the same purification protocol. The mutational effects of these residues on the activities of methyltransferase, GTP binding, and AdoMet binding were summarized in Table 2 . Besides Y213, several aromatic residues including Y126, F144, F161, Y192, Y203, and W222 were found to be critical for GTP methylation. The data suggest that they are deeply involved in AdoMet binding (Fig. 8 and Table 2 ). To lesser extents, they also participate in GTP binding except for Y213 (Fig. 7 and Table 2 ). Accordingly, we speculate that the viral enzyme binds AdoMet and GTP in close proximity and some of those critical aromatic residues are shared by the two substrate-binding sites. Mutations of the common residues would affect the affinities for AdoMet and GTP simultaneously. Alternatively, mutations that change one binding site might have distal effects on the neighboring site through interconnecting hydrophobic interactions. Still, there is a probability that some of the mutational effects on the substrate-binding affinities might come from changes in the protein's conformation. Unfortunately, this probability cannot be verified at this moment by instruments such as circular dichroism spectrophotometer because the presence of Sarkosyl in the enzyme preparation significantly interfered with the measurements. The primary function of the universally conserved Y213 is to bind AdoMet. The inability to substitute phenylalanine for Y213 suggests that the hydroxyl groups on Y213 provide an essential hydrogen bond to AdoMet. Positioning the two substrates correctly in space should be crucial for transferring the methyl group directly from the electrophilic methylsulfonium of AdoMet to the N7 of GTP.
In theory, a loss of the ability to form m 7 GTP will have a fatal effect on virus accumulation in vivo. The data suggest that a minimum of 30% of the activity of the wild type is needed for virus survival. The failure of the virus carrying the F384A mutation to survive was unexpected because this mutant enzyme was intact in terms of forming the 5′-cap structure. A study of the subcellular localization of Brome mosaic virus has suggested that the capping domain of 1a protein mediates the association of the viral replicase complex with the endoplasmic reticulum membranes (den Boon et al, 2001) . Although the actual subcellular location of BaMV replicase is as yet unknown, the in vitro viral RNA-dependent RNA polymerase activity is strongly associated with membranes (Cheng et al., 2009) . Would the F384A mutation cause defects in associating the capping domain with membranes? Flotation assays using discontinuous sucrose gradient ultracentrifugation indicated that the F384A mutant was still in association with membrane fractions (data not shown), suggesting that this might not be the case. In Tobacco mosaic virus, the membrane-bound RNA polymerase complex includes a plant protein, which is related to the subunit of yeast eIF-3, and involves with genome-length RNA synthesis (Osman and Buck, 1997) . Moreover, the capping domain of the replicase would bind to the GCD10 subunit of the yeast eIF-3 (Taylor and Carr, 2000) . Accordingly, the capping domain of viruses classified in the alphavirus-like superfamily may have versatile functions other than forming the 5′ cap. The F384A mutation may serve as a subject for future investigation of the other unknown functions of the capping domain of BaMV.
Materials and methods

Chemicals
General chemicals and nucleotides were purchased from Sigma, except AdoMet, which was from New England Biolabs. 
Plasmid
The yeast episomal plasmid pYEB3H was used to produce the BaMV capping enzyme in S. cerevisiae (Huang et al., 2004) . Plasmid pCBG, a recombinant infectious clone of BaMV carrying GFP gene, was used to initiate the BaMV replication in plant cells (Han et al., 2009 ). Site-directed mutagenesis was performed according to the protocol of the QuikChange site-directed mutagenesis kit (Stratagene).
